Using a special in vitro assay, we tested whether retinal ganglion cell axons in an adult vertebrate, the goldfish (which can regenerate a retinotopic projection after optic nerve section), recognize position-specific differences in cell surface membranes of their target, the tecturn opticum. On a surface consisting of alternating stripes of membranes from rostra1 and caudal tectum, temporal axons accumulate on membranes derived from their retinotopically related rostra1 tectal half. Nasal axons grow randomly over both types of membranes. Nasal and temporal axons can elongate on both rostra1 and caudal membranes. A quantitative growth test, however, revealed that caudal membranes are less permissive substrates for the outgrowth of temporal axons than rostra1 membranes, and than rostra1 or caudal membranes for nasal axons.
Summary
Using a special in vitro assay, we tested whether retinal ganglion cell axons in an adult vertebrate, the goldfish (which can regenerate a retinotopic projection after optic nerve section), recognize position-specific differences in cell surface membranes of their target, the tecturn opticum. On a surface consisting of alternating stripes of membranes from rostra1 and caudal tectum, temporal axons accumulate on membranes derived from their retinotopically related rostra1 tectal half. Nasal axons grow randomly over both types of membranes. Nasal and temporal axons can elongate on both rostra1 and caudal membranes. A quantitative growth test, however, revealed that caudal membranes are less permissive substrates for the outgrowth of temporal axons than rostra1 membranes, and than rostra1 or caudal membranes for nasal axons. (Sperry, 1963; Bonhoeffer and Gierer, 1984; Gierer, 1987) . Although frequentlydisputed (reviewed by Purves and Lichtman, 19851 , this theory has gained substantial experimental support in recent years (Bonhoeffer and Huf, 1982; Fujisawa et al., 1982; Holt and Harris, 1983; Harris, 1984; Meyer et al., 1985; Fujisawa, 1987; Walter et al., 1987a Walter et al., , 1987b Stuermer 1988a Stuermer , 1988b Stuermer , 1988c .
Using an in vitro assay, Bonhoeffer and colleagues have provided evidence that spatial markers are associated with tectal cell surfaces (Kern-Veits, 1985; Walter et al., 1987a Walter et al., , 1987b . When chick retinal axons of temporal origin were grown on monolayers of tectal cells, they exhibited a specific recognition for cells from their retinotopically appropriate rostra1 tectum (Bonhoeffer and Huf, 1982) .
In a recently modified version of this assay, chick retinal axons were confronted with cell membranes of rostra1 and caudal tectal origin in alternating stripes (Walter et al., 1987a (Sperry, 1963; Gierer, 1981 Gierer, , 1987 , these markers should be available not only in the embryo, but also in the adult.
We have previously performed a detailed analysis of the pathways of embryonic, normal adult, and regenerating axons in goldfish (Stuermer and Easter, 1984a, 1984b; Stuermer, 1988a Stuermer, , 1988b Stuermer, , 1988c and 
Representation of the Experimental Design
The upper figure shows the isolated and trimmed retina attached to a filter. After discarding the dorsal and ventral parts, the retina and filter were sectioned into segments from the nasal to the temporal pole, as indicated by the dotted lines. Either nasal or temporal segments were used for explantation onto the tectal membrane carpet. The lower figure illustrates schematically the experimental design, which is described in Experimental Procedures.
ever, is found for temporal explants (but not for the nasal explants) when explanted onto caudal membranes.
Results
In Figure 4A exhibited a strong preference for rostra1 membranes; this was true only in onethird of the preparations in Figure 46 . Accordingly, moderate preferences were more frequent in Figure  4B than in Figure  4A . This is documented in Figure  6 (left). Sperry, 1963; Cierer, 1981 Cierer, , 1987 Bonhoeffer and Gierer, 1984) . Figure 1 ) were prepared according to Walter et al. (1987a) . To generate alternating stripes of rostra1 and caudal membranes, a Nucleopore filter (0.1 pm pore diameter) was placed onto a special silicon matrix (Walter et al., 1987a) . In its center, this matrix contains an area of parallel bars separated by channels. In contact with the filter, the bars protect the underlying filter pores in a striped pattern. The first membrane suspension (150 pl) is applied to the filter, and by low pressure suction (2 min, 1.7 Pascal) through the channels, the membrane particles attach to the filter in parallel stripes and subsequently occlude the pores in this region. The second membranes (150 ~1) are sucked to the filter (1.5 min, 1.9 Pascal) after replacrng the silicon matrix by a nylon tissue. Suction is only effective through pores previously protected by the bars of the silicon matrix. The rostra1 membranes were applied first and the caudal membranes second, or this order was reversed. The membranes applied first were mixed with fluorescent beads to facilitate their identification.
Retinal Explants and Culture Conditions Between 14 and 17 days prior to Isolation of the retinas, the fish's optic nerves were cut under MS-222 anesthesia, which conditions the ganglion cells to regenerate their axons (Landreth and Agranoff, 1979) . Fish were dark-adapted to facilitate removal of the pigment epithelium from the isolated retina. Prior to dissection, the extirpated eye was briefly washed in 96% ethanol and rinsed in Leibovitz medium. After removal of cornea, vitreous body, and prgment epithelium, the retina was attached (photoreceptor layer down) to a nylon filter (Hybond, Amersham). Staining of the Retina/ Axons Rhodamine labels chick retinal cells and the neurites extending from explants of chick retina (Walter et al.,1987a) , but it does not adequately stain goldfish axons. An intense labeling of fish axons is achieved with the fluorescent dye dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (dil; Honig and Hume, 1986) . In contrast to rhodamine, dil is insoluble in water. When brought into physical contact with ganglion cells, dil becomes incorporated into cells and is transferred to the growing end of the elongating axons (Schwartz and Agranoff, 1981; Honig and Hume, 1986; Vielmetter, 1986; Thanos and Bonhoeffer, 1987; Stuermer, 1988~) . TO make the dye accessible to all or most of the retinal cells, we found it necessary to remove the vitreous body and blood vessels overlying the fish retina and the axons of the ganglion cell layer. To stain the retina, the following suspension was prepared: 1 mg of dil (Molecular Probes) was dissolved in 100 pl of ethanol, and this solution was suspended in 10 ml of Leibovitz medium. After a 1 hr centrifugation in a Heraeus minifuge at 6000 rpm and lO"C, the supernatant was discarded and the dil pellet was suspended in 3 ml of Leibovitz medium. The exposed ganglion cell layer was covered with the dil suspension, and the retina was centrifuged for 10 min at 1500 x g and 10°C with the Titertec-plate-rotor of the Heraeus mrnifuge. To remove the superfluous dil surrounding the retina, the retina was removed from the filter and attached to a new filter. To judge the proportion of dil-labeled and unlabeled axons, stained retinal explants were grown on coverslips coated with laminin and sequentially viewed with phase-contrast and under fluorescent light (Vielmetter, 1986) . This comparison revealed that at least 95% of all axons were stained with dil.
The retina was trimmed, and dorsal and ventral segments were discarded, resulting in the shape shown in Figure 1 . Filter and retina were cut into 300 pm wide segments with a Mcllwain Tissue Chopper. The segments were placed (ganglion cell layer down) onto the tectal membranes (see above) in an orientation perpendicular to the membrane stripes and kept in a plastic petri dish (3.5 cm in drameter). To keep the retina in contact with the substrate during the addition of the culture medium, small metal blocks were placed onto the ends of the filter to which the retina was attached.
Three milliliters of modified Leibovitz medium (Johnson and Turner, 1982) supplemented with 10% fetal calf serum (CIBCO), 4% methyl cellulose (DOW), and 50 mgil gentamycin (GIBCO) was added to the culture, which then was incubated at 23°C in a humidified chamber. After 3 days in culture, the preparations were fixed overnight with 4% paraformaldehyde in PBS containing 11.6% sucrose, embedded in 25% Mowiol (Hoechst) in PBS, covered with a coverslip, and viewed with a rhodamine or fluorescein filter set under a fluorescence microscope (Axiophot. Zeiss).
Quantitative Growth Assay To decide whether caudal and rostra1 membranes differ in their abrlity to support axonal outgrowth, membranes of rostra1 and caudal tectum (prepared as described above) were centrifuged down to the bottom of wells of 96.well dishes (NUNC).
Small retinal explants (200 x 200 pm) of defined positional origin were distributed systematically over the wells such that 50% of the wells with rostra1 membranes and 50% of the wells with caudal membranes received temporal miniexplants. The other 50% of the wells with rostra1 or caudal membranes obtained nasal miniexplants. After 48 hr in culture, the number of axons per explant was determined. When axons formed fascicles they usually did so only over parts of their paths. The number of axons contributing to a fascicle was determined either before the axons merged or after they diverged again. On rare occasions, in which axons appeared tightly fasciculated throughout their paths, the fascicle was counted as a single axon. This procedure implies some imprecision in axon counts. However, the counting errors are similar in all experiments, since-in contrast to chick (Walter et al., 1987a) -the degree to which fish axons fasciculate does obviously not depend on their positional origin or on the origin of the membranes.
Within each of the four experimental groups, the number of axons of all explants was pooled.
